Conditions necessary for the production of thymineless mutants in Gramnegative bacteria by aminopterin treatment were examined. Although Escherichia coli and Proteus strains were readily made ' thymineless ' (i.e. requiring added thymine) no such mutants were obtained with the majority of Aerobacter strains. However, two methods which produced thymineless mutants in all the Aerobacter strains were found; these were: treatment with alkaline EDTA before, or temperature shift down during, incubation with aminopterin. In every case where temperature shift alone resulted in the production of thymineless mutants more were found when it was used in conjunction with EDTA pretreatment. It was also found that the phase and size of inoculum, the method used to sterilize aminopterin and the concentration of thymine in the plating media had profound effects on the production and detection of thymineless mutants.
INTRODUCTION
Compared with the other nuclear bases thymine is unique in that it is found in DNA but not in RNA; hence thymineless mutants (i.e. requiring added thymine for growth) have proved to be valuable in the study of bacterial DNA. Thymine starvation of such mutants can lead to 'thymineless death' (Barner & Cohen, 1954) , the cause of which is not completely known. In other cases thymine deficiency in culture media for thymineless mutants has been shown to induce mutations (Coughlin & Adelberg, 1956 ) lysogenic bacteriophage (Korn & Weissbach, 1962) colicin production (Sicard, 1961) and premature initiation of the DNA-replication cycle (Pritchard & Lark, 1964) . The elimination of ' curing' of extrachromosomal elements from thymineless mutants has been demonstrated under conditions of thymine deprivation (Clowes, Moody & Pritchard, 1965) for sex (F) and various colicin (col) factors. Most of these studies have been made on thymineless mutants of Escherichia coli which were produced by suitable aminopterin treatment (Okada, Yanagisawa & Ryan, 1961; Clowes et al. 1965) . During a study of resistance transfer (RT) factors in various species of Gramnegative bacteria it was considered necessary to examine their elimination. Acridine treatment has been shown to eliminate RT factors readily from Shigella and Escherichia (Watanabe & Fukasawa, 1961) but Clowes et al. (1965) showed that it did not eliminate certain col factors which could be removed by thymine deprivation of thymineless mutants of E. coli. These authors concluded that thymine deprivation seems to differentiate factors which cannot be eliminated and are integrated in the chromo-Gram-negative bacteria : thymineless mutants 133 varying dilutions plated on DM agar containing 200 pg. thymine/ml. After overnight incubation those plates which showed discrete colonies were then examined for thymineless mutants by replication to DM agar without added thymine; a low proportion (0.83 %) of these was obtained.
These mutants were taken and investigated to check what concentration of thymine was required for survival. It was found ( Table 1 ) that in liquid media large inocula survived better than small inocula in any one concentration of thymine. Presumably organisms of the large inocula did so because of redistribution of excess intracellular thymine, whereas this thymine was diluted out in small inocula. Cultures in DM medium of Aerobacter cloacae 53 and a thymineless mutant of the same strain were mixed. Viable counts were made before mixing. From these counts the content of thymineless mutants in the mixture was 23.2%. Dilutions were spread on various concentrations of thymine in D M agar and incubated overnight. Plates showing discrete colonies were taken and replicated on the same concentration of thymine and on to plates without thymine and the number of mutants scored after overnight incubation. The need for thymine in solid media was examined; it was found that 30pg. thymine/ml. was the optimum whereas with 15 to 25 pg. thymine/ml. the colonies were smaller and no growth at all occurred at 10 pg./ml. As the optimum concentration of thymine was 30pg./ml. it seemed possible that the 200pg. thymine/ml. used in the solid media in the production of thymineless Aerobacter cloacae 53 mutants may have decreased the degree of their detection. To test this, wild-type bacteria were mixed 134 J. T. SMITH with thymineless bacteria in a ratio of 3: 1 and plated on various concentrations of thymine. After incubation overnight each plate was replicated on to a plate containing the same amount of thymine as well as to a plate without thymine and the number of thymineless mutants scored. The results (Table 2) showed that concentrations of thymine above 50 ,ug./ml. allowed some mutant clones to grow when replicated on to DM medium without thymine and at 200 pg./ml. only about 25 % of the thymineless mutants were detected. Thus in all subsequent experiments 30 pg. thymine/ml. was used in the solid media to prevent thymineless mutants from escaping detection; also 30pg. thymine/ml. was included in the diluent to prevent thymineless death.
The phase of growth, the dilution of the inoculum, the method of sterilization of the reagents and the effect of EDTA pretreatment in the production of thymineless mutants of Aerobacter cloacae 53 were then examined. No mutants were detected in any experiment where EDTA pretreatment was omitted. The results of the EDTA pretreatment series (Table 3) showed that autoclaving (1 15" for 10 min.) decreased the activity of aminopterin as compared with filtration. The results also showed that when bacteria in the logarithmic phase were used as inoculum more mutants were obtained than when stationary phase bacteria were used. Furthermore, the inoculum size was important : the smaller the inoculum the greater the proportion of thymineless mutants obtained.
Since all cultures reached about 2 x lo8 bacteria/ml. it seems that many generations in the presence of aminopterin were necessary before an organism mutated to thymineless, Table 3 . Eflect of age, size of inoculum, and method of sterilization of aminopterin on the production of thymineless mutants of Aerobacter cloacae 53
A 3 hr and an 18 hr culture of Aerobacter cloacae 53 in DM medium were suitably diluted into 0.05 M-phosphate buffer (PH 8-0) with and without mM-EDTA and incubated at 37" for 15 min. then diluted into DM medium containing 0.8 m-aminopterin and 200 pg. thymine/ml. The experiment was done in duplicate with either filter-sterilized or autoclaved aminopterin solution. Incubation in aminopterin + thymine in DM medium was made for 2 days at 37" before plating on to DM agar containing 30pg. thymine/ml. and screening for thymineless mutants by replication on to DM agar with and without 3Opg. thymine/ml. The results with EDTA pretreated bacteria only are shown since no mutant was detected where pretreatment was done in phosphate buffer only. Limit of detection, 0-5 %. The effect of incubation temperature without the use of EDTA pretreatment was examined by using small inocula of logarithmic-phase Aerobacter cloacae 53 organisms and filter-sterilized aminopterin solutions. Ten incubation temperatures between 23 @ and 41" were tested but no thymineless mutants were found. However, during these experiments a sample of culture incubated at 37" on the first day was re-incubated at 35" on the second day by mistake and in this case 76-7 % of the bacteria were found to be thymineless mutants. Therefore the effect of temperature shift was investigated,
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The results (Table 4) showed that decreasing the incubation temperature from 37" to 35" after the first day produced a large proportion of thymineless mutants, whereas any larger decrease of incubation temperature decreased the number of mutants and any increase in incubation temperature gave no mutants at all. The growth rates of Aerobacter cloacae 53 and a thymineless mutant of the same strain in DM medium containing 200 pg. thymine/ml. were investigated at 37" and 35". The generation time of the parent strain was increased from 78 nlin. at 37" to 83 min. at 35", whereas the generation time of the thymineless mutant was decreased from 84min. at 37" to 79 min. at 35". Thus the multiplication of the thymineless mutant was somewhat temperature-sensitive as compared with that of the wild type. Incubation with aminopterin for 2 days at 37" or 35" did not give any thymineless mutants, whereas incubation at 37" for the first day and 35" for the second day did produce thymineless mutants. Therefore it seems that an incubation temperature of 37" is essential to promote the formation of thymineless mutants which, once formed multiply more rapidly at 35" and hence can be detected in significant amounts. Table 4 . Eflect of incubation temperature on the production of thymineless mutants of Aerobacter cloacae 53
A 3 hr culture of Aerobacter cloacae 53 in DM medium was diluted lo-* into 0.05 Mphosphate buffer (PH &O), incubated for 15 min. at 37", then diluted 1/10 into DM medium containing 0.8 mwaminopterin + 200 pg. thymine/ml. This was incubated for 2 days at various temperatures, diluted in D M medium containing 30pg. thymine/ml. and plated on DM agar containing 30 pg. thymine/ml. and incubated overnight. Plates containing discrete colonies were replicated on to 30p.g. thymine/ml. and Opg. thymine/ml. DM agar, incubated overnight and the number of thymineless mutants scored. Limit of detection, 0.5 %. Thus two systems were found which produced thymineless mutants of Aerobacter cloacae 53, both these methods were tested separately and in combination in the same experiment. The results ( Table 5 , top line) showed that either method increased the proportion of thymineless mutants to about the same extent and that both methods used together gave a still larger proportion of thymineless mutants (94 %). The method was therefore applied to other species of Gram-negative bacteria with the results shown in Table 5 . These methods (EDTA pretreatment and temperature shift down) decreased the proportion of thymineless mutants for Escherichia coli and Proteus species, but all the Aerobacter strains tested were made thymineless more readily. Indeed with 4 out of 6 of the Aerobacter strains examined no mutants were detected by straightforward aminopterin treatment even though concentrations up to 2 m were tested. However, the use of EDTA pretreatment and/or temperature shift induced thymineless mutants in all these previously refractory Aerobacter strains, although 136 J. T. SMITH with two of these strains temperature shift did not produce thymineless mutants. EDTA pretreatment was the most consistent method in the production of thymineless mutants in the Aerobacter strains, and in every case where temperature shift down alone resulted in thymineless mutants more were found when temperature shift down was used after EDTA pretreatment. 
CONCLUSIONS
The data presented above indicate that optimum conditions for the selection of thymineless mutants in Aerobacter species include : aminopterin should be sterilized by filtration; organisms in the logarithmic phase should be used in small inocula of about 103/ml.; thymine near the optimal concentration for growth of thymineless mutants should be used in the plating medium since higher concentrations can decrease the sensitivity of their detection. With the Aerobacter and Escherichia coli strains studied this concentration was about 30 pg. thyminelml. ; however, the Proteus species required 75 pg./ml. Nevertheless, with these improved conditions the Aero-
